A new chemolithotrophic bacterial metabolism was discovered in anaerobic marine enrichment cultures.
for recent observations of anaerobic sulfide oxidation to sulfate in anoxic sediments.
In aquatic sediments sulfur undergoes bacterial redox transformations which, in their entirety, are known as the microbial sulfur cycle. The reduction of sulfate to hydrogen sulfide (H2S) is catalyzed by the strictly anaerobic, sulfatereducing bacteria. The microbiology of sulfate reduction has been studied intensively (37, 48, 49) , and quantification of the process by radiotracer techniques has proved it to be a major pathway of carbon mineralization in marine sediments with significance for the global carbon cycle (21, 23, 42) .
In the oxic zone of sediments the formed H2S, or other partially reduced sulfur compounds, is reoxidized to sulfate by chemolithotrophic bacteria such as Beggiatoa and Thiobacillus spp. (27, 34) . In the absence of 02, some of these bacteria may use nitrate as the terminal electron acceptor (e.g., see reference 29) .
There are several indications, however, that sulfide is oxidized completely to sulfate in the absence of oxygen and nitrate in marine and limnic sediments.
(i) The depth in sediments at which H2S accumulates is often several centimeters below the oxic surface layer (23) . The separating suboxic zone is characterized by the accumulation of Mn2' and Fe2+ from metal oxide reduction in the pore water (19, 22, 43) . Sulfate reduction continuously produces H2S in the suboxic zone, but the concentrations are kept low (<1 ,M), presumably by reactions involving iron and manganese oxides (4, 9, 43) .
(ii) Addition of manganese oxide to anoxic salt marsh sediments caused the oxidation of solid-phase sulfides to sulfate with apparent biological catalysis (1, 28) . Addition of ferric hydroxide only resulted in slight sulfate production. The depth distribution of manganese and FeS in Danish coastal sediments also suggested manganese oxide to be an important oxidant for FeS-derived sulfur (10) . So far, however, bacteria capable of oxidizing reduced sulfur compounds with iron or manganese at circumneutral pH have not been described.
(iii) A strong indication of an anaerobic oxidation of H2S to sulfate came from recent radiotracer studies. In anoxic, nitrate-free sediments, added radiolabeled H2S was oxidized to sulfate (14, 16, (24) (25) (26) . The mechanism was not revealed, but thiosulfate was the major immediate oxidation product. The most important process in the further transformation of thiosulfate was bacterial disproportionation (3) .
The studies mentioned above inspired us to search for bacteria oxidizing reduced sulfur species with manganese or iron oxide. Enrichment for bacteria oxidizing H2S with manganese or iron oxides is complicated by the rapid chemical reaction between these compounds, yielding S as the major product (8, 38, 39) . To avoid this, we chose elemental sulfur as the sulfur source in our enrichments. The outcome of the enrichment studies is presented here.
MATERIALS AND METHODS
The procedures used for preparation of culture media and cultivation of anaerobic bacteria were basically those used for sulfate-reducing bacteria described by Widdel and Bak (49) .
Medium. The basal medium had the following composition (in grams per liter of distilled water): NaCl, 15; NaHCO3, 2.5; MgCl2. 6H20, 2; CaCl2. 2H20, 0.4; KCI, 0.5; NH4Cl, 0.25; and KH2PO4, 0.2. The medium was autoclaved and cooled under an atmosphere of 02-free N2-CO2 (88:12, vol/vol), after which the following components were added aseptically from sterile stock solutions (per liter): 30 [9] ). Then, 50 to 500 ,ul of preserved sample was added to 2 ml of the extractants. After 5 min, the mixture was filtered through a 0.2-,um polycarbonate filter, which was subsequently stained with 0.01% acridine orange for 1 min. The staining solution was then filtered off and the filter was washed in distilled water. All solutions were sterilized by filtering (0.2-p,m filter). Cells were counted by epifluorescence microscopy.
Viable counts in sediment samples. To enumerate bacteria metabolizing So in the presence of either FeOOH or MnO2 in natural sediments, we used most-probable-number (MPN) dilutions (2) . The dilution series were prepared as described by Bak and Pfennig (4) . The medium used was identical to the enrichment medium. The tubes for counting were incubated for 6 (32) . However, the black precipitate observed in our cultures was not magnetite but ferrous sulfides. The iron sulfides were recovered partly as AVS and partly as CRS (Table 1 ). In the precipitate of grown cultures, pyrite and S5 were the only compounds detectable by x-ray diffraction analysis.
Free H2S was not detected in the growth phase, but after depletion of FeOOH, s042-production continued briefly and H2S accumulated to a final concentration of 0.5 to 1 mM.
The pH of the culture medium decreased during growth. In the cultures sampled for the time course experiment, the pH declined to 6.5, while in grown cultures with larger amounts of Fe, values down to pH 4.5 were measured. Even when the cultures reached such low pH values, growth resumed shortly after transfer.
The molar ratio of Fe(III) added to s042 produced was close to 2 ( Table 1) . A minor s042-production was seen in the absence of FeOOH.
When the S/Fe culture was transferred to medium containing ferrous carbonate instead of ferric hydroxide, again bacterial growth and production of sulfate and iron sulfides occurred ( Fig. 2 and Table 2 ). The rate of s042-production was lower than in the presence of FeOOH. Growth ceased after 5 days, while So4 -production continued at a constant rate for more than 15 days. After this, H2S accumulated to ca. 1 mM.
When FeCO3 was added in relatively low amounts (10 to 25 mmol liter-1), H2S accumulated to 0.5 to 1 mM after a few S(-OI)ToTAL includes both sulfide bound in FeS and CRS. days of incubation. At this time, the sum of AVS and CRS was about 2 mmol liter-1. Thus, most of the FeCO3 remained unchanged and coexisted with H2S in these cultures. In cultures with more FeCO3 (37 mmol liter-1), the ratio of Fe(II) added to sulfate produced was close to 3 ( Table 2) . S/Mn culture. In the culture grown with elemental sulfur and manganese oxide, all Mn(IV) was reduced to Mn(II) within 2 weeks (Fig. 3) . A simultaneous production of sulfate was observed. The Mn reduction and S042-production typically started after a lag phase of 1 to 2 days and were accompanied by exponential bacterial growth. The culture was dominated by small, nonmotile, rod-shaped cells that were mainly attached to the particulate phase. The growth rate during the exponential phase was 1 day-', similar to that of the S/Fe culture. Reduction of MnO2 changed the color of the precipitates from dark brown to whitish rosyred. Soluble Mn2+ never exceeded 1.2 mM, indicating that most Mn(II) was associated with the solid phase. The mineral formed was presumably MnCO3, as reported from dissimilatory Mn-reducing cultures (31) . No sulfide precipitates were detected by distillation. After depletion of the oxide, bacterial growth and the production of s042-ceased 30 and a further release of about 1 mM H2S (final concentration) was observed before all transformations stopped.
The pH of the medium increased. In the time course experiments it rose to 7.5, and in cultures with larger amounts of MnO2, values of about 8.5 were measured. At this high pH, the medium turned yellow, presumably due to the presence of polysulfides, and some manganous sulfide might have formed, as indicated by the sulfide smell produced upon acidification of the precipitate.
The molar ratio of Mn(II) to sQ42-produced was 2.7 on average (Table 3) . Control cultures without addition of MnO2 concomitantly produced sQ42-and H2S (Fig. 4 and Table 3 ). The So42-production ceased when H2S reached a concentration of approximately 1.5 mM. The ratios of H2S to sQ42-produced were 3.61 and 3.68 in two parallel cultures.
However, growth was insignificant in the absence of MnO2. The maximum cell number generally increased with increasing additions of MnO2 (Table 3) .
Enumeration of bacteria in sediments. In marine enrichment cultures established in anoxic bicarbonate-buffered defined medium with elemental sulfur and either ferric hydroxide or manganese oxide, sulfur was transformed by biologically catalyzed processes, during which both sulfate and sulfide were formed ( Fig. 1 and 3) . The sulfur metabolism sustained bacterial growth which, since no organic compounds except vitamins were added, most likely involved fixation of bicarbonate.
The observed formation of sulfide, either in the form of ferrous sulfide minerals or as free H2S in late growth phases or in cultures without metal oxide additions (Fig. 1, 3 , and 4), must be the result of a reduction of part of the added elemental sulfur. However, since no external electron donors, such as organic compounds or H2, were added, the measured sulfide cannot be the product of a dissimilatory microbial sulfur reduction. Thus, a microbial disproportionation of elemental sulfur, similar to the recently described disproportionation of thiosulfate and sulfite by sulfate-reducing bacteria (3) , is the only plausible explanation for the formation of sulfide in our enrichment cultures. The formed H2S will react spontaneously with amorphous FeOOH, as expected by the following equation (e.g., see references 38 and 39):
(1) A complete spontaneous oxidation of H2S to s042-as recently reported with hematite (a-Fe2O3) (13) is not likely since this pathway was found to be dependent on undersaturation with respect to FeS, whereas FeS precipitated in our cultures.
A stoichiometric microbial disproportionation of So to H2S and so42-is described by equation 2:
4S + 4H20 3H2S + S042-+ 2H+ (2) The combination of equations 1 and 2 yields the overall reaction for the disproportionation of S in the presence of FeOOH:
The determined ratio of Fe(III) to s042-of 2 (Table 1) , the observed precipitation of iron sulfide, and the decrease of pH in the medium of the S/Fe culture are all in agreement with this equation, and we thus conclude that this is indeed the net reaction that occurred in this culture.
Accumulation of both AVS (H2S and FeS) and CRS was observed (Table 2) . Since x-ray diffraction analysis indicated the presence of pyrite in the culture, it is likely that this compound mainly contributed to the CRS fraction when S5 hac oeen removed. The acid-resistant grey coatings observed on sulfur grains could be pyrite, similar to that described by Berner (5) . Pyrite may form by reaction of FeS and S or by reaction of Fe2" with polysulfides (5, 40) . Since only half of the sulfur in pyrite is in the oxidation state of sulfide, S(-II), the amount of sulfide accumulated in the cultures can be calculated as the sum of AVS and (½2 x CRS). Thus, the ratio of S(-II) to so42-accumulated in the two cultures in Table 2 was 1.54 on average; i.e., 23% less S(-II) was recovered than theoretically expected (equation 3). This discrepancy is probably due to difficulties in sampling the rapidly settling sulfur grains on which iron sulfides were seen as coatings.
When the S/Fe culture was incubated with FeCO3 as an alternative scavenger of H2S, the calculated ratio of Fe(II) to S042- (Table 2) 
S042-+ 3FeS + 3HCO3-+ 5H+
In the cultures which received the highest amounts of FeCO3, almost all sulfide was found as CRS. We have not identified the compound contributing to this fraction. As- _~~~~~~M--_ F suming it to be pyrite, the ratio of S(-II) to s042-was 1.92 on average for the two cultures presented in Table 2 , 65% of that expected from equation 4. Particle discrimination in sampling might again explain part of the discrepancy. However, the measurements of iron released during chromium reduction (Fig. 2) indicate an iron sulfide of a composition other than pyrite. These iron concentrations should be equal to the amount of S(-II) bound in the CRS fraction. The ratio of iron released to sulfur recovered during the chromium reduction step at the end of the time course was 0.74, which corresponds to the Fe/S ratio of greigite (Fe3S4) rather than that of pyrite. If this was indeed the composition of the ferrous sulfide in the CRS fraction, the ratio of S(-II) to s042-is 2.91, which is close to 3, the expectation from equation 4 . The S/Mn culture produced Mn2+ and s042 with an average ratio of 2.7 ( Fig. 3 and Table 3 ). This implies an oxidation of S by MnO2 by the reaction:
The concomitant increase in pH supports this stoichiometry. In the culture, Mn2+ precipitated as MnCO3. However, the simultaneous production of sulfate and sulfide observed when the culture was incubated without MnO2 (Fig. 2) again implies a disproportionation of So. The measured ratio of sulfide to sulfate (3.7 on average) is in the range of that expected from equation 2.
In the presence of MnO2, H2S is rapidly oxidized to So (8) :
A combination of a biologically catalyzed disproportionation (equation 2) and a spontaneous sulfide oxidation (equation 6) would be stoichiometrically identical to a one-step S0 oxidation with MnO2 (equation 5). For that reason, these two pathways are indistinguishable in our experimental setup. However, since sulfur is disproportionated in the S/Mn culture when MnO2 is absent, it is most likely that So is also disproportionated in the presence of MnO2. The H2S concentration is kept below detection by the rapid reoxidation. The appearance of H2S after oxide depletion supports this interpretation (Fig. 3) . Abiological disproportionation of elemental sulfur to sulfide and sulfate in aqueous solution occurs at temperatures above 80°C (6, 20) . Biologically catalyzed disproportionation of S to sulfide and sulfate has, to our knowledge, only been reported as a photochemical process in C02-free cultures of Chlorobium limicola (35 ation of S0 is thus dragged by the abiological removal of the H2S produced. Ecological considerations. Disproportionation of elemental sulfur as reported here is a novel pathway in the biogenic transformations of sulfur. Significant amounts of elemental sulfur are found in both marine and freshwater sediments (42, 46, 47) . The concentration is often highest in the suboxic zone of the sediment where S probably derives from abiological oxidation of H2S with Mn(IV) or Fe(III) (equations 3 and 5). Although H2S is produced at significant rates by sulfate reduction, the pore water concentration of H2S in the suboxic zone is often below 1 ,uM (9) . Thus, the suboxic environment is relatively similar to that of the growing enrichment cultures described herein, and this is the environment in which disproportionation of elemental sulfur would be expected to be of importance.
The sediment sections used for MPN counts (Table 4) were, except for the oxic surface layer, all from the suboxic zone of the sediments. Thus, the high numbers of S°-disproportionating bacteria found in the two coastal sediments support the idea that the process could be of importance here. The low numbers in the manganese-rich Skagerrak sediment could indicate that the process is not ubiquitous or that S°-disproportionating bacteria at this site require different conditions for growth. The MPN counts for the coastal sediments ( (24) . In analogy to the thiosulfate shunt, a small cycle may exist between H2S and S0 on the basis of H2S oxidation by iron or manganese oxides and bacterial S0 disproportionation (Fig. 5) . For every 4 mol of H2S oxidized to S0, 1 mol of S is transferred to the s042-pool (equation 2) . This pathway could explain the observations of anoxic oxidation of 35S-labeled H2S to s042-(e.g., see references 16 and 26 In unmanipulated sediments, processes are often in a steady state, where substrates are supplied and metabolites are removed continuously. Thus, iron reduction might not lead to supersaturation with respect to FeS or FeS2 and precipitation of these. Therefore, the efficiency of ferric iron as an oxidant for sulfide, e.g., by the pathway suggested here, might be greater than indicated by batch-type experiments (1, 14, 28) .
In conclusion, another twist has been added to the sulfur cycle. The disproportionation of So coupled to Mn or Fe reduction can explain at least some of the observations of anaerobic sulfide oxidation in sediments. The discovery raises new questions concerning both the ecological significance and the microbiology of the process.
